JOURNAL OF GEOPHYSICAL RESEARCH, VOL. 117, D23302, doi:10.1029/2012JD018279, 2012

Determining diurnal variations of land surface
emissivity from geostationary satellites

Zhenglong Li,' Jun Li,' Yue Li,' Yong Zhang,? Timothy J. Schmit,’ Lihang Zhou,’
Mitchell D. Goldberg,® and W. Paul Menzel'
Received 13 June 2012; revised 22 October 2012; accepted 25 October 2012; published 13 December 2012.

[11 Infrared (IR) land surface emissivity (LSE) with a high temporal and spatial resolution
is very important for deriving other products using IR radiance measurements as well as
assimilating IR radiances in numerical weather prediction (NWP) models over land.
Retrieved from various satellite instruments, many LSE databases are available for
operational and research use. Most are updated only monthly; assuming emissivity does
not change within the month. However, laboratory measurements have shown that
emissivity increases by 1.7% to 16% when soil moisture content becomes higher,
especially in sandy soils in the 8.2-9.2 um range. And a clearly defined wave-like diurnal
pattern of decreasing surface soil moisture during the day and recovery (or increased soil
moisture) at night was observed. Therefore, it is expected that LSE possesses a diurnal
wave-pattern variation with low values during day time and high values during nighttime.
The physically based GOES-R ABI LSE algorithm uniquely exploits the geostationary
satellites’ high temporal resolution. The algorithm was developed and applied to the
radiance measurements from the Spinning Enhanced Visible and InfraRed Imager
(SEVIRI) on the Meteosat Second Generation (MSG) Meteosat-8/9. The results over the
Sahara Desert show that 8.7 ym emissivity has a significant diurnal wave-pattern variation,
with high values during nighttime and low values during day time. 10.8 pm emissivity also

shows a similar diurnal variation, but with a smaller amplitude compared to 8.7 pm.

12.0 um emissivity has an even weaker diurnal variation, and an opposite pattern as

8.7 and 10.8 pum. Evidence is provided to demonstrate that the SEVIRI LSE diurnal
wave-pattern variations are real, not artifacts from the retrieval algorithm. The impacts of
diurnal variations of errors in GFS forecast (temperature and moisture profiles) and in
land surface temperature (LST) are analyzed; they are found to be minor compared to the

LSE diurnal variations shown by SEVIRI.
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variations of land surface emissivity from geostationary satellites, J. Geophys. Res., 117, D23302, doi:10.1029/2012JD018279.

1. Introduction

[2] Land surface emissivity (LSE) is the relative ability of
the land surface to emit energy by radiation. It is defined as
the ratio of the energy radiated by the land surface to energy
radiated by a blackbody at the same temperature. Infrared
(IR) LSE varies with land surface type (according to soil
type, land cover, and land use [Snyder et al., 1998; Peres
and DaCamara, 2005], viewing angle [Francois et al.,
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1997; McAtee et al., 2003], and time, following changes in
the state of soil moisture, vegetation, and weather condi-
tions, such as dew/frost formation, evaporation, rainfall, or
snowfall).

[3] Accurate IR LSE with a high temporal resolution and a
high spatial resolution plays an important role in land surface
modeling, weather forecasting, as well as deriving other
satellite products. Jin and Liang [2006] reported that inac-
curate LSE induces warm bias as large as 1.5 K for surface
air temperature in modeling the land surface energy budget.
Progress has been made in assimilating satellite IR radiances
to improve weather forecasting skills [Le Marshall et al.,
2006; English et al., 2000; McNally et al., 2006]. However,
due to lack of accurate IR LSE, it remains challenging to
assimilate satellite radiances in thermal IR region (8—12 pum)
[McNally et al., 2006], which contain information about
surface and lower atmosphere. Accurate IR LSE is also
needed for temperature and moisture retrievals from the
Geostationary Operational Environmental Satellite (GOES)
Sounder and other IR sounders [Menzel and Purdom, 1994,
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Menzel et al., 1998; Ma et al., 1999; Li and Huang, 1999;
Li et al., 2000; Jin et al., 2008; Li et al., 2008, 2009; Liu
et al, 2008]. Seemann et al. [2008] demonstrated that
accurate LSE could improve the root mean squared error
(RMSE) of the retrieved Moderate Resolution Imaging
Spectroradiometer (MODIS) total precipitable water (TPW)
from 3.8 mm to 2.5 mm. Inaccurate IR LSE is one important
error source of the satellite derived land surface temperature
[Becker and Li, 1990; Wan and Dozier, 1996; Yu et al.,
2008]. Other satellite products that require accurate IR
LSE include but not limited to radiation budget [Lee ef al.,
2007], trace gas retrievals [Clerbaux et al., 2003; Ho
et al., 2005], dust and aerosol property retrievals [Zhang
et al., 2006; Li et al., 2007a], and the cloud top pressure
(CTP) product [Menzel et al., 1992, 2008; Li et al., 2001,
2005].

[4] Temporal variations of IR LSE, specially the diurnal
variations, are poorly studied. According to Mira et al.
[2007], the laboratory measurements show that emissivity
increases by 1.7% to 16% when soil moisture content
becomes higher, especially in sandy soils in the 8.2-9.2 um
range. This emissivity increasing with increased soil mois-
ture is also reported by other studies using either laboratory
experiments or satellite remote sensing techniques [Ogawa
et al., 2006; Hulley et al., 2010; Sanchez et al., 2011].
Jackson et al. [1997] reported 1) the soil moisture diurnal
variations as a clearly defined diurnal pattern (wave) of
decreasing surface moisture during the day and recovery
(or increased soil moisture) at night; and 2) water loss at
the near surface beginning 1 to 2 h before sunrise and a re-
moistening beginning 2 to 4 h before sunset. Based on these
observations, it is expected that the LSE have diurnal varia-
tion where there are diurnal variations of soil moisture at the
near surface; LSE, especially in 8.2-9.2 um range in desert
area, are expected to have high values at nighttime and low
values during day time. Many NWP and climate models still
use static maps with a limited number of possible emissivity
values prescribed per surface type [Jin and Liang, 2006;
Ogawa and Schmugge, 2004; Trigo and Viterbo, 2003].

[5] IR LSE can be derived from satellite radiance mea-
surements on either Geostationary Orbit (GEO) or the polar
orbiting low earth orbit (LEO). Most of the LSE databases
are LEO products because of the global coverage. However,
since LEO satellites only observe a same location twice a
day, those LSE databases are not able to fully capture LSE
diurnal variations. For example, a monthly global database
[Seemann et al., 2008] has been developed based on the
MODIS emissivity product [Wan and Li, 1997; Wan, 2008]
and hyperspectral IR emissivity measurements from labora-
tory measurements. Hyperspectral resolution IR sounders
onboard LEO satellites, such as the Atmospheric Infrared
Sounder (AIRS) [Chahine et al., 2006] onboard the NASA
Earth Observing System (EOS) Aqua platform, the Interfer-
ometer Atmospheric Sounding Instrument (IASI) onboard
the European Meteorological Operational Satellite Programme
(METOP-A) [Hilton et al., 2012], and the Cross-track
Infrared Sounder (CrIS) on the U.S. Suomi National Polar-
orbiting Partnership (NPP) and later the Joint Polar-orbiting
Satellite System (JPSS), are capable of retrieving the emis-
sivity spectrum. Algorithms have been developed for
retrieving hyperspectral IR emissivity spectra from global
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advanced IR sounder radiance measurements [Li et al.,
2007b; Zhou et al., 2008; Li and Li, 2008].

[6] In this study, the U.S. next generation of Geostationary
Operational Environmental Satellite (GOES-R series) Ad-
vanced Baseline Imager (ABI) LSE algorithm [Schmit et al.
2005; Li et al., 2011] is applied to SEVIRI [Schmetz et al.,
2002] radiance measurements. The retrieved SEVIRI LSE
show strong diurnal variations, especially for the 8.7 pum
band. Evidence is provided to show that the LSE diurnal
variations are real, not artifacts from the retrieval algorithm.
This study is part of GOES-R ABI LSE algorithm [Li et al.,
2011] validation. However, instead of validation using real
LSE measurements, which are difficult to obtain, this study
focuses on demonstrating LSE diurnal variations using
satellite radiance measurements.

2. SEVIRI LSE Case Demonstration

[7] The GOES-R ABI LSE algorithm [Li et al., 2011] is
applied to SEVIRI radiance observations. The algorithm is
based on the unique concept from geostationary satellites,
the so-called time continuity, which assumes LSE does not
change during a short period of time while the land surface
temperature (LST) does. In the algorithm, three time steps
are used to strengthen the LSE signals, which are usually
difficult to separate from the LST signals. The time interval
between two consecutive time steps is three hours, which is
based on the following considerations, (1) the LSE does not
change during a short time period, and (2) the land surface
temperature has a relatively large temporal variation during
that time period. The monthly baseline fit LSE database
[Seemann et al., 2008] is used as first guess. Despite the fact
that the retrieved LSE is an average of three time steps
(a time span of 6 h), the algorithm is still able to capture the
LSE diurnal variation in the Sahara Desert. For more details
about the GOES-R ABI LSE algorithm, refer to Li et al.
[2011].

[8] Figure 1 shows 8.7 um LSE imagery, from August
2006, for the first guess and the SEVIRI retrievals over the
Sahara Desert (20°N-35°N, 20°W—40°E). This region is
specially chosen because LSE in sandy soil is expected to be
more sensitive to soil moisture [Mira et al., 2007]. The top
panel is from the baseline fit database used as first guess for
the SEVIRI retrieval algorithm, and the middle and the
lower panels are the SEVIRI retrievals, from 02 UTC and
14 UTC, respectively. These two times represent the night-
time (maximum LSE) and day time (minimum LSE) of LSE
during a 24-h cycle, as will be shown in Figure 5. The LSE
at each pixel is an average of all available retrievals at that
pixel for that specific hour during August 2006.

[9] Comparing the SEVIRI retrievals with the baseline fit
database, the geographic distribution is highly similar, indi-
cating that both the GOES-R ABI LSE algorithm and the
baseline fit database are effective on discriminating deserts
from other surface types. However, there are noticeable
differences. The low value area (blue) of SEVIRI LSE has
slightly higher values than the baseline fit database; and the
high value area (red) has slightly lower values than the
baseline fit database. This indicates that the SEVIRI LSE
algorithm makes substantial changes over the first guess. No
attempt is made in this study to address whether the baseline
fit or the SEVIRI LSE is closer to the truth. Rather, the
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Figure 1. 8.7 um LSE one-month composite of August 2006 from (a) the baseline fit database, (b) the
day time SEVIRI at 14 UTC and (c) the nighttime SEVIRI at 2 UTC.

SEVIRI LSE will be used to demonstrate the LSE diurnal
variations, whereas the baseline fit database is incapable of.
There are considerable differences between the day time and
nighttime SEVIRI LSE. In areas of low LSE, the day time
LSE is smaller than the nighttime.

[10] Figures 2 and 3 show same imagery as Figure 1 except
for 10.8 and 12 pm. Similarity is observed between the
baseline fit database and the SEVIRI LSE. And there exist
substantial differences of the SEVIRI LSE between the day
time and the nighttime, with day time values being lower and
nighttime values being higher for both 8.7 and 10.8 um. The
12 pm shows the opposite, with day time being higher values
and nighttime being lower values. Visually, the day/night
difference of 8.7 um is less profound than 10.8 and 12 pum
because of a larger color bar range. But 8.7 um actually sees
more day/night differences than 10.8 pm.

[11] Figure 4 shows the differences between the day time
and the nighttime (the former minus the later). Note that the
color bar is different for the three channels. The west half of
Sahara Desert shows much more (in absolute value) day/
night differences than the east half. The 8.7 yum shows the
largest day/night differences among the three channels. Some
regions (dark blue) have day/night differences more than
0.03 (day time LSE is 0.03 smaller than nighttime LSE).
Since the temporal average is performed to generate these
one-month composite imagery, the day/night differences

during a specific day could be much larger than 0.03 in
absolute value. The 10.8 pum shows smaller day/night
differences compared with 8.7 um. There are regional dif-
ferences close to —0.02. Both 8.7 and 10.8 m show that the
day time LSE is smaller than nighttime in most of the regions.
This is consistent with the expectation stated in the intro-
duction section. These diurnal variations are likely results of
soil moisture content changes. The 12 pm also shows diurnal
variations in the same region, but with even smaller differ-
ences and an opposite phase.

[12] Figure 4 clearly shows that there are differences of the
retrieved SEVIRI LSE between the day time and nighttime.
This indicates that there might exist LSE diurnal variations
(wave-like). To better discern any LSE diurnal variations,
the following procedure was used. For each day, a 24-h cycle
from 0000 UTC to 2359 UTC is processed hourly; if a pixel
has retrievals for all the 24 nominal hours, it is retained.
For each of the 24 h, an area average is performed to cal-
culate the LSE diurnal variation for that day. The daily LSE
diurnal variations are then averaged to generate one single
diurnal variation for a period of time. Figure 5 shows the
LSE diurnal variation for the three SEVIRI window channels
for August 2006, along with three other time periods.

[13] For8.7 um, a clearly defined wave-like diurnal pattern
is observed for all the four time periods, with maximum
values at night and minimum values in the day, consistent
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10.8 pm LSE one-month composite of August 2006 from (a) the baseline fit database, (b) the

day time SEVIRI at 14 UTC and (c) the nighttime SEVIRI at 02 UTC.

with the discussion in the introduction section. The diurnal
variation strength (DVS) is defined as the local minimum or
maximum during the day minus the local maximum or min-
imum at night. A negative value indicates day time LSE is
smaller than nighttime LSE; and a positive value indicates
day time LSE is larger than nighttime LSE. The values are
listed in Table 1. The LSE during April 2007 shows the
strongest diurnal variation, with a DVS of —0.0225, while
the October 2007 LSE shows the weakest diurnal variation,
with a DVS of —0.0040. Three of the four time periods show
that 10.8 pum has a similar wave-like but weaker diurnal
pattern than 8.7 pum, with the exception of October 2007,
which has an opposite phase with a very small DVS of
0.0011. The DVS 0f 10.8 um is roughly 1/3 of that of 8.7 um
in absolute value. No attempt is made to investigate if the
diurnal variation shown for October 2007 is true or not.
However, because the diurnal variation is so small, it is a
good approximation to assume LSE has no diurnal variation
during that time. The 12 pm also shows diurnal variations.
Except for the October 2007 case, the other three cases show
opposite diurnal variation pattern as 8.7 um, with DVSs
about 1/6 of 8.7 pm in absolute value. No attempt is made to
investigate if the diurnal variation shown for 12 ym is real or
not. However, as will be shown in section 4, the diurnal
variations of the three IR window channels are consistent
with the analysis of SEVIRI and MODIS/Aqua radiances,

indicating that the LSE diurnal variations demonstrated are
reasonable. Since this study focuses on LSE diurnal varia-
tions, no attempt is made to explain the LSE seasonal varia-
tions shown in Figure 5.

[14] Results in Figure 5 are area and time averaged. Indi-
vidual pixels might possess larger or smaller diurnal varia-
tions, depending on the surface and atmospheric conditions.
If the diurnal variations shown in Figure 5 are true, omission
of diurnal variations will result in bias when deriving other
products or assimilating window channel IR radiances over
land. The question is whether the diurnal variations shown in
Figure 5 are real. In the following sections, satellite radiance
observations from SEVIRI are used to support that the LSE
diurnal variations are from the satellite observations, not arti-
facts from the retrieval algorithm. The MODIS/Aqua radiance
observations are used as an independent verification.

[15] It is worth to point out that the dew formation is not
the major reason for the cases demonstrated above. Dew
forms only if the LST is colder than the dew point (Td) near
the surface. Figures 6a—6d shows the coldest mean temper-
ature difference during a 24-h cycle between the SEVIRI
LST (retrieved simultaneously with the LSE) and the GFS
surface Td (the former minus the latter) for the four time
periods. The procedures to plot these figures are: 1) for each
pixel at x UTC, all available data are averaged to generate
the mean LST-Td for x UTC; 2) for each pixel, the minimum
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Figure 3.

12 pm LSE one-month composite of August 2006 from (a) the baseline fit database, (b) the

day time SEVIRI at 14 UTC and (c) the nighttime SEVIRI at 2 UTC.

among the 24-h cycle is chosen to represent the coldest mean
difference between SEVIRI LST and the GFS Td. Figure 6e
shows the normalized histograms of Figures 6a—6d. From
these figures, it is clear that dew is unlikely to form in most
of the area in Sahara Desert. Some dew might form in the
coastal area where there is more moisture in the air than in
the inner Saharan Desert. According to Agam and Berliner
[2004, 2006], even the LST is colder than the Td, it is pos-
sible that no dew forms in desert. While it is still unknown
how dominant the water vapor adsorption (physical adsorp-
tion of water vapor from air to soil) is over dew formation, it
is clear that in desert area and in very dry conditions, the
water vapor adsorption could be dominant [Agam and
Berliner, 2006]. In other words, the dew formation could
occur rarely. This explains the soil moisture content diurnal
variation in the desert area without precipitation and dew/
frost. This is consistent with the previous studies [Kidron,
2000; Agam and Berliner, 2006], which suggest that the
dew formation is more difficult on bare soil (such as bare
sand in Saharan Desert) than vegetation cover and artificial
surfaces.

3. Method for Detecting LSE Diurnal Variations
From Satellite

[16] The top of atmosphere (TOA) clear sky IR window
spectral brightness temperature (Tb) may be observed by

satellites (R°), or calculated using a radiative transfer equa-
tion (RTE), if neglecting scattering by the atmosphere

R = eB(T,)rs — / B(T)dr(0,p) + (1 — ¢) / B(T)dr* + R + e,
0 0

)
where R¢ is the calculated exiting radiance at TOA, ¢ is the
surface emissivity, B(7) is the Planck function of tempera-
ture T, subscript s denotes the surface, 7(0,p) is the atmo-
spheric transmittance from the top to the atmospheric
pressure p, 7* = 72 /7 is the downwelling transmittance, e is
forward model uncertainty and R’ is the reflected solar
radiation, which is ignored in the longwave IR window
region. As shown in equation (1), the TOA IR radiance has
three major contributions: the surface emission, the upwell-
ing atmosphere emission, and the reflection of the down-
welling atmosphere emission by the surface.

[17] In this section, o is error, ¢ is channel difference and
A is temporal variation. And diurnal variation is defined as
day time minus nighttime. Assuming that the input para-
meters for the RTE are close enough to the true state of the
atmosphere and the surface, the difference between the sat-
ellite-observed and calculated Tb is

R°—R = KTSO'TS +K,0, + ZKTO'T + ZKIHQUIHQ + 6’, (2)
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Figure 4. Day/night differences of SEVIRI LSE in August 2006 for (a) 8.7, (b) 10.8 and (c) 12 pm.

where K7, , K,, K7 and Kj,o are kernel functions for LST,
LSE, atmospheric temperature and atmospheric mixing ratio,
respectively. The kernel function is defined as K, = a—R,
where x is the variable used for radiative transfer calculations.
It shows the sensitivity of the Tb at TOA with respect to the
change in the variable x. The kernel functions are calculated
using the analytical approximation method [Li, 1994] to
reduce computation. o7,, 0., o7, and oo are the error of
LST, LSE, atmospheric temperature and atmospheric mixing
ratio, respectively. Specifically, for LSE, 0. = ¢ — &7, where
£1s the LSE used for the radiative transfer calculation and &7
is the true LSE. ¥ is the sum over different atmospheric
layers used by the RTE. Q is the water vapor mixing ratio.
Notice the logarithm of the mixing ratio is used because it has
a better linear relationship with Tb. e’ in equation (2) contains
both forward model uncertainty and observation noise.
Equation (2) shows that the Tb difference has three compo-
nents: the LST, the LSE, and the atmosphere (including the
temperature and the moisture profiles). Any departure of
these parameters from the true state results in departure of the
calculated Tb from the observed ones.

[18] Equation (2) is difficult to evaluate LSE diurnal var-
iation because 1) all of the four variables on the right hand
side might have diurnal variations, and make substantial
contributions; 2) the radiative transfer model might not be
accurate enough and introduce some false diurnal variation
due to the difficulty in simulating moisture absorption and
local zenith angle dependency. For any two channels i and j,
the difference between them, or the double difference of Tb
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Figure 5. (a—c) The averaged hourly SEVIRI LSE diurnal
variations over the Sahara Desert during different time
periods.
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Table 1. The LSE Diurnal Variation Strength (Local Minimum/
Maximum During the Day Time Minus Local Maximum/Minimum
at Night) of the Three SEVIRI Window Channels During Different
Times

Time 8.7 um 10.8 pm 12 pm
20060801-20060831 —0.0114 —0.0034 0.0017
20070202-20070215 —0.0096 —0.0029 0.0012
20070401-20070415 —0.0225 —0.0070 0.0035
20071001-20071015 —0.0040 0.0011 —0.0013

(DDT) is defined as DDTb = Re — R? — (RS = R? ). It can
be written as
DDTb = 6Kr,o7, + Kio'. — KLol + > 6Kror+Y 6Koomo,
(3)
where 6K7,, 0Kr, and 6K, are the kernel function differences

of LST, temperature profile and the moisture profile between
channel 7 and j. Superscript i and j denote channel indices.
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Equation (3) is different from equation (2) in that the
atmospheric contribution terms (the last two terms) can be
omitted [Li et al., 2010] for window channels having similar
atmospheric transmittance profile. Detailed discussion on
the impacts of neglecting the atmospheric terms is presented
in section 5. Neglecting the atmospheric terms, equation (3)
can be written as

DDTb = 6Kr,o7, + 6K (0. — o7), (4)

Ko, — Ko}
ol — o
kernel function of channels i and j, and o', — ¢/ is the

channel difference of LSE error.
[19] For any two times, the temporal variation of DDTb is

where 6K = is the weighted mean LSE

ADDTb = §K 1 Aoy, + K. A(o'. — o), (5)

where ADDTb is the temporal variation of DDTh, 6K 7, is
the temporal mean of LST kernel function difference of
channels i and j, Ao, is the temporal variation of LST error,

0.02-

N
a) 20060801-20060831 V.

R o 4]

(8
d) 20071001-20071015
b\ =

- g

—20060801-20060831
——20070202-20070215
~—20070401-20070415|
~—20071001-20071015

-10 -5 0 5 10 15

20 25 30 35 40

LST - Td (k)

Figure 6. The coldest mean temperature difference between LST and Td (former minus latter) from (a)
Aug 2006, (b) Feb 2007, (c) Apr 2007, and (d) Oct 2007. (¢) The normalized histograms of Figures 6a—6d.

7 of 14



D23302

LI ET AL.: EMISSIVITY DIURNAL VARIATIONS

D23302

%c) Day-Night: 10.8 - 12 im

4 A

Figure 7. Day/night differences of SEVIRI LSE channel difference for August 2—7 2006 for (a) 8.7—

10.8 pum, (b) 8.7-12 pm and (c) 10.8-12 pm.

6K l: is the temporal mean of the weighted mean LSE kernel
function of channels i and j,, and A(o’, — &7, ) is the temporal
variation of o, — ¢.. Both the LST and LSE kernel functions
have temporal variations. So do the 6K, and 6K 'EJ Sensi-
tivity studies (not shown) have indicated that the use of 6K 1,

and 6K Z does not introduce any significant amount of error;
the impacts on the LSE diurnal variation analysis can be
neglected. Since a static LSE is used for radiative transfer
calculation, it can be shown that Ao’, = —Aeh, where A&l
is the true LSE temporal variation, and A(c’, — o) =
~A(&} — €}), where &, — &} is channel difference of true
LSE temporal variation. Equation (5) can be written as

~ADDTh = 8K 1 Aoy, + 6K A(eh — €}),  (6)

Equation (6) shows that the negative of temporal variation of
DDTDb, has a linear relationship with the temporal variation of
LST error, and the channel difference of true LSE temporal
variation. It is the basis of using satellite radiance observa-
tions to demonstrate LSE diurnal variations. It will be used in
two different ways. Qualitatively, if LSE diurnal variation
dominates on the right hand side of equation (6), —ADDTb
should have a similar diurnal variation pattern as LSE chan-
nel difference, which will be shown by SEVIRI radiance
observations in section 4.1. Quantitatively, equation (6) can
be used to estimate diurnal variation of —o7, and the mean
LSE kernel functions. Using different satellite observations

should yield a similar estimate of the mean LSE kernel
function. This will be shown in section 4.2.

4. LSE Diurnal Variations Using Satellite
Radiance Observations

[20] Figures 1-5 show significant LSE diurnal variations
of 8.7 um, substantial LSE diurnal variations of 10.8 pm,
and weak LSE diurnal variations of 12 pym from SEVIRI.
In this section, evidence will be provided to demonstrate that
the LSE diurnal variations are real, not artifacts from the
retrieval algorithm, using the method introduced in section
3. There are four different time periods shown in Figure 5.
Without loss of generality, August of 2006 is chosen for
demonstration; note August 2006 shows weaker diurnal
variations than April 2007. To further reduce the computa-
tion, only 6 days, Aug 2—7 of 2006 are demonstrated.

4.1. Evidence From SEVIRI Radiance Observations

[21] In order to use equation (6), clear sky calculated
SEVIRI radiances are needed, which are calculated using the
Pressure-Layer Fast Algorithm for Atmospheric Transmittance
(PFAAST) models [Hannon et al., 1996]. PFAAST is based
on the line-by-line radiative transfer model (LBLRTM) ver-
sion 8.4 [Clough and lacono, 1995] and the high-resolution
transmission molecular absorption database-2000 (HITRAN-
2000) [Rothman et al., 1992] with updates (aer_hitran_2000
updat_01.1). The input parameters include temperature and
moisture profiles from the Global Forecast System (GFS)
12-h forecast, the SEVIRI LST retrieved from the GOES-R
LSE algorithm, and the baseline fit LSE database [Seemann
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Figure 8. Day/night differences of SEVIRI -DDTb for August 2—7 2006 for (a) 8.7-10.8 pum, (b) 8.7—

12 pm and (c) 10.8-12 pum.

et al., 2008]. For the three window channels, the ozone
profiles have limited impacts, and they are also retrieved
from SEVIRI radiance observations using the GOES-R LSE
algorithm. The cloud mask is processed using the GOES-R
ABI cloud mask algorithm [Heidinger et al., 2012].

[22] Figure 7 shows the day/night differences (day minus
night) of LSE channel difference for the time period of
August 2 to 7 of 2006. The day time is at 14 UTC and the
nighttime is at 02 UTC, same as Figures 1-4. For all the
three LSE channel differences, there are significant temporal
variations (increasing) from 14 UTC to 02 UTC in most of
the regions. 8.7-12 pum in the middle panel shows the
strongest day/night differences among the three panels. This
is because 12 pm has an opposite diurnal variation pattern as
8.7 pm. 10.8 and 8.7 um LSE have similar diurnal variation
patterns. As a result, 8.7-10.8 pm in the upper panel show
smaller day/night differences. These results are consistent
with those from August 1-31 of 2006 (not shown) except
that the latter has less geographic gradients due to more
samples to average. If the temporal variations of LSE
channel differences shown in Figure 7 are real, the temporal
variation of — DDTb should have a similar geographic dis-
tribution providing there are no LST error diurnal variations
(this will be shown in section 4.2).

[23] Figure 8 shows the day/night difference (day minus
night) of — DDTb for the time period of August 2 to 7 of
2006. The three panels in Figure 8 match with those in
Figure 7 well geographically, but with noticeable differences.
For most of the regions of significant negative values in
Figure 7, Figure 8 show significant negative values accord-
ingly. These are the regions of large LSE diurnal variations,

possibly due to soil moisture change. There are also regions
of large positive values of LSE diurnal variation, which can
be seen in both Figures 7 and 8. Some of those regions can
possibly be explained by cloud contamination. This is more
noticeable to the south of 20°N (not shown in Figures 7
and 8), where it is closer to the ITCZ, and more prone to
cloud contamination. In those regions, more extremely pos-
itive values are seen in all three panels. High similarity
between Figure 7 and Figure 8 indicates that there are LSE
diurnal variations in SEVIRI radiance observations; and there
are no or very weak diurnal variations of SEVIRI LST error,
which will be quantitatively shown in section 4.2.

4.2. Evidence From MODIS/Aqua Radiance
Observations

[24] Section 4.1 shows that the diurnal variation of the
retrieved SEVIRI LSE comes from the SEVIRI radiance
observations, not artifacts from retrieval algorithm. It is still
possible that SEVIRI radiance observations or the radiative
transfer model PFAAST somehow have false diurnal bias,
both of which result in false diurnal variation of retrieved
LSE. The analysis presented in section 4.1 would not be able
to identify that false diurnal information. Unless the same
match could be seen using an independent source of mea-
surements, the analysis in section 4.1 is not conclusive. In
this section, MODIS/Aqua radiance observations are used to
demonstrate the LSE diurnal variations. Aqua is chosen
instead of Terra because of its local pass time is close to the
chosen day time (14 UTC) and nighttime (02 UTC).

[25] It is noted that the three MODIS IR window channels
(8.55, 11.03 and 12.02 pm) are slightly different from the

9 of 14



D23302 LI ET AL.: EMISSIVITY DIURNAL VARIATIONS D23302
a) b)
0.045 . . . 0.07 ‘ ‘
——8.55-11.03 um MODIS —8.7-10.8 ym SEVIRI
0.04 8.55-12.02 4 8.7-12 um
——11.03-12.02/u 006" ___40.8-12um
0.035}
0.05-
0.03F mean=-0.411 mean=-0.0075
L 0.04-
0.025 mean=-0.492 mean=-0.0069
0.02 0.03
0.015}
0.02F
0.01
0.01
0.005}
‘\;
0 : 0 ; ; :
-3 -2 2 -0.06 -0.04 -0.02 0 0.02

-1 0 1
-DDTb: day - night [K]

emis: day - night

Figure 9. The normalized histograms of (a) the day/night differences of MODIS/Aqua —DDTb, and
(b) the day/night differences of SEVIRI LSE channel differences for 2—7 August 2006.

SEVIRI (8.7, 10.8 and 12 pum). Since they are all broadband
instruments and the spectra differences are very small, no
spectra differences are considered in the process.

[26] To reduce the impacts from the radiative transfer
model, the more sophisticated Community Radiative
Transfer Model (CRTM) [Chen et al., 2012] is used. The
input parameters include temperature and moisture profiles
from the Global Forecast System (GFS) 12-h forecast, the
operational MODIS LST products (MYD11) version 4 (V4)
[Wan and Li, 1997; Wan, 2008], and the baseline fit LSE
database [Seemann et al., 2008]. Again, ozone profiles are
retrieved from the MODIS radiance observations using the
GOES-R LSE algorithm. The MODIS cloud mask (MYD35)
[Ackerman, 1997] is used to screen out cloudy pixels. It is
found that the MODIS — DDTb appears to have large neg-
ative bias when the local zenith angle is large. This angle
dependency is more profound for polar orbiting satellites
than geostationary satellites because the former has a wider
range of local zenith angle over the Sahara Desert. To reduce
the impacts from the angle, only pixels with local zenith
angle smaller than 30 degree are retained. Instead of quali-
tative analysis presented in section 4.1, this section focuses
on quantitative analysis to verify the consistency between
SEVIRI and MODIS.

[27] Figure 9a shows the normalized histograms of
the day/night differences of MODIS/Aqua —DDTb, and
Figure 9b shows the normalized histograms of the day/night
differences of SEVIRI LSE channel differences. The three
MODIS/Aqua window channels are spectrally very close to
the three SEVIRI channels. The temporal variations shown
in Figure 9b could be considered the same as those from the
MODIS/Aqua three window channels. Figures 9a and 9b
look similar, but with substantial differences. The peaks
of the three histograms in Figure 9a are all located to the left
of zero line, same as those in Figure 9b. However, the peak
of the red line of 11.03—12.02 pm is in the between of
the peaks of the green line of 8.55-12.02 pm and the blue
line of 8.55-11.03 pm in Figure 9a, while the blue line of

8.7-10.8 um is in the middle in Figure 9b. The reason for
the discrepancy is likely the MODIS/Aqua LST products
(MYDI11) have false diurnal variations, which will be
quantitatively shown in the following. As a comparison,
Figure 10a shows the normalized histogram of the day/night
differences of SEVIRI —DDTb. The three histograms are
located very similarly as shown in Figure 9b, indicating the
LSE diurnal variations are the main cause of the SEVIRI
— DDTb diurnal variations.

[28] Figure 10b shows the sensitivity of MODIS/Aqua
— DDTb to the LST bias. When a 1 K LST bias is introduced,
the three — DDTbs have different sensitivities. 8.55-
12.02 pm has the strongest sensitivity with a mean negative
bias of —0.137 K, and 8.55-11.03 pm also has a mean
negative bias of —0.074 K, while 11.03-12.02 ym has a
mean positive bias of 0.0634 K. These values are actually
the channel difference of the LST kernel functions in
equation (6). With these sensitivity values, it is possible to
calculate the day/night differences of LST error and verify
the consistency between SEVIRI and MODIS/Aqua on
identifying the LSE diurnal variations.

[29] In equation (6), the day/night differences of — DDTh
can be obtained using the mean values from the histogram of
Figures 9a and 10a. The temporal variations of LSE channel
differences can be obtained from Figure 9b. And the LST
kernel function channel difference can be obtained from
Figure 10b. Therefore, equation (6) can be written as

—0.465 —0.411 —0.137 —0.00753

AO’Tv
—0.887 —0903 | = | —0.074 —-0.0145 | x 5¢€ s
—0.423 —-0.492 0.0634 —0.00693 K
(7)
. Aoy, 0.027 —-0.60
And the solutions are {6;{5} = [61.1 65.4 . These

results indicate:
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Figure 10. The normalized histograms of (a) the day/night differences of SEVIRI -DDTb for 2—7 August
2006, and (b) the change of MODIS/Aqua -DDTDb due to a perturbation of LST change of 1 K.

[30] 1. There exists consistency between SEVIRI and
MODIS/Aqua radiance observations on identifying LSE
diurnal variations. The estimated mean LSE kernel functions
are 61.1 and 65.4 K for SEVIRI and MODIS/Aqua, respec-
tively. They are very close to each other, indicating both of
them see LSE diurnal variations with a similar magnitude.

[31] 2. The actual LSE diurnal variations are likely larger
than what is shown in this study. The estimated mean LSE
weighing functions are larger than 60 K for both SEVIRI
and MODIS/Aqua, larger than the normal value (around
50 K, estimated from radiative calculation). This indicates
the temporal variations of LSE channel differences used in
equation (7) (the values from Figure 9b) are likely smaller
than they should be. The reason for that is because the
retrieved LSE is a mean LSE of three time steps spanned in
6 h, which averages out the LSE diurnal variations.

[32] 3. MYDI11 LST might have false diurnal variations.
The estimated SEVIRI day/night difference of LST error is
very close to zero, indicating the SEVIRI LST from GOES-R
LSE algorithm captures the real LST diurnal variations well.
There are no artificial SEVIRI LST diurnal variations on top
of that. This does not mean there is no SEVIRI LST bias, but
the SEVIRI LST bias does not diurnally change, if there is
any. On the contrary, the MYD11 LST products have a day/
night difference of LST error of —0.6 K, indicating there
might exist artificial MYD11 LST diurnal variations. The
possible reasons that MYD11 LST has artificial diurnal var-
iations include 1) the MODIS day/night physical algorithm
assumes that LSE does not change within 12 h or longer
period of time [Wan and Li, 1997; Wan, 2008], and 2) errors
in the atmospheric temperature/moisture profile [ Wan and Li,
1997] retrieved from Aqua MODIS have false diurnal var-
iations. This study shows that the LSE has wave-like diurnal
variations with low values in the day and large values at night
for SEVIRI 8.7 and 10.8 um over the Sahara Desert. It is
possible that the MODIS LSE has positive bias in the day
and negative bias at night. In the retrieval, these LSE bias is

converted to LST bias, negative in the day and positive at
night. As a result, from day time to nighttime, the LST bias
has a negative variation, as shown by the above solutions.

5. Discussion

[33] A major assumption of the technique presented in this
study is the omission of atmospheric terms in equation (6),
which is equivalent to saying that the GFS forecast temper-
ature and moisture profile errors (bias) have no diurnal var-
iations. This section discusses the impact of omission of
diurnal variations of GFS forecast profile errors on the LSE
retrieval.

[34] Figure 11 shows the mean bias of GFS forecast tem-
perature and moisture profiles compared with ECMWF
analysis in day time and nighttime for 2—7 August 2006.
Only 500 hPa to the surface is presented because the three
window channels are not sensitive to the upper troposphere
in clear skies. From Figure 11, the GFS forecast under-
estimates the temperature near the surface at night (blue line),
and overestimates it during the day (red line). The diurnal
variations (day minus night; the black line) of the GFS
forecast temperature error is substantial; the difference is
more than 1.5 K around 940 hPa. Similarly, the GFS forecast
moisture errors also have some substantial diurnal variations,
when compared with those from the ECMWF analysis.

[35] In order to assess the impact of the diurnal variations
of the GFS forecast error, a sensitivity study is performed by
removing the GFS temperature and moisture bias (i.e., the
GFS forecast profiles are adjusted so that both the day time
and nighttime have no bias compared with ECMWEF analysis),
and these adjusted GFS forecast profiles are used in the
GOES-R ABI LSE algorithm to derive the LSE. Figure 12
shows the mean LSE diurnal variations (day time minus
nighttime) for 2—7 August 2006 before and after removing
the diurnal variation of GFS forecast error. From Figure 12,
the removal of GFS forecast profile bias reduces the diurnal
variation of the retrieved SEVIRI LSE. And the reduction of
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Figure 11. The mean bias of (left) the GFS forecast temperature and (right) the moisture (logarithm of
mixing ratio) compared with ECMWF analysis for 2-7 August 2006. The blue lines represent nighttime
(2 UTC), the blue lines represent-day time (14 UTC), and the black lines represent the diurnal variations

(day minus night).

LSE diurnal variations is 12.0%, 15.4% and 16.6% for 8.7,
10.8 and 12.0 um window channels respectively. This indi-
cates the GFS forecast profile bias is a minor factor for the
LSE diurnal variation presented in this study. In other words,
the GFS forecast profile bias is unlikely the major contributor
to the diurnal variations of the retrieved SEVIRI LSE.

6. Summary

[36] As part of GOES-R ABI LSE algorithm validation, the
algorithm is applied to the SEVIRI radiance observations.
The retrieved SEVIRI LSE show diurnal variations over the
Sahara Desert from different time periods. The 8.7 pym band
has the strongest wave-like diurnal variations with large
values at night and small values in the day. The area and time
averaged LSE day/night difference (day minus night) could
be as large as —0.0225. The 10.8 pm has a similar diurnal
variation pattern but with a weaker amplitude, about 1/3 of
that of 8.7 pm in absolute value. The 12 um has the weakest
(about 1/6 of that of 8.7 um in absolute value) diurnal vari-
ation among the three channels with an opposite phase.
Further investigation is needed to explain why 12 pm has an
opposite phase as the other two channels (10.8 and 8.7 pum).
One possible reason is the aerosol contamination, which will
have different radiative transfer impacts on the three IR
window channels. No study has reported LSE diurnal varia-
tions, from either satellites or laboratory measurements.
However, these results are consistent with previous studies
regarding how LSE changes with soil moisture and how soil
moisture diurnally varies.

[37] A method using satellite radiance observations is
introduced to support that the LSE diurnal variations are
real, not artifacts from the retrieval algorithm. The key of

this method relies on the channel difference, which signifi-
cantly minimizes the impacts from the atmosphere. Both
SEVIRI and MODIS/Aqua radiance observations confirm
the LSE diurnal variations over the Sahara Desert during the
selected time. And both of them see a similar magnitude of
the LSE diurnal variations. As a byproduct of the method,
this study shows that the MODIS/Aqua LST products
(MYD11) might have false diurnal variations; —0.6 K of
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Figure 12. The mean SEVIRI LSE diurnal variations
(day time minus nighttime) of the three window channels
before and after the correction of GFS forecast profile bias
for 2—7 August 2006.
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day/night difference of LST error is estimated. The false
MYDI1 LST diurnal variations are likely due to the
assumption of invariable LSE of day/night and the error in
the atmospheric profiles. On the other hand, the SEVIRI LST
products, generated by the GOES-R ABI algorithm, show no
LST false diurnal variations because the LSE diurnal varia-
tions are captured well by the algorithm.

[38] The actual LSE diurnal variations are likely lager than
what is shown in this paper, as supported by two facts. First,
because the assumption of time continuity is used in the
retrieval algorithm, the retrieved LSE is a mean LSE of three
time steps over 6 hours. Due to the smoothing effect, the
retrieved SEVIRI LSE is likely smaller than the real value at
night and larger than the real value in the day, causing the
SEVIRI LSE diurnal variations smaller than the actual value.
This is also confirmed by the fact that the estimated mean LSE
kernel functions (larger than 60 K) by both SEVIRI and
MODIS/Aqua are larger than their mean values (around 50 K),
which is a result of underestimated LSE diurnal variations.

[39] Experiments are conducted to investigate the impact
of the GFS forecast profile errors (mean bias) on the diurnal
variations of the retrieved SEVIRI LSE. It is found that the
GFS forecast profiles have different biases between night
and day as compared with the ECMWF analysis, and the
removal of GFS forecast profile bias reduces the SEVIRI
LSE diurnal variations. But the reduction is minor. It is
concluded that the SEVIRI LSE diurnal variations demon-
strated in this study are not likely due to the GFS forecast
profile bias.

[40] This study focuses on LSE diurnal variations demon-
stration over Sahara Desert. There are at least two major
factors affecting the LSE diurnal variations: the soil moisture
content and the LSE sensitivity of the surface materials to the
soil moisture. The soil moisture content varies geographi-
cally and temporally. It is possible that the LSE has smaller
diurnal variations over some other types of land surface
because LSE of those surface materials are less sensitive to
soil moisture diurnal variations compared to sandy soil.
However, most of the surface types other than desert likely
have larger soil moisture content, and thus possibly stronger
soil moisture diurnal variation. This essentially increases the
possibility of LSE diurnal variations. Further investigation
is needed to accurately estimate the uncertainty in LSE
diurnal variation and to study how LSE diurnal variation is
geographically and temporally dependent. This study has
potential significance on both the retrieval community and
the data assimilation community, potentially being able to
exploit more satellite data over the land if the diurnal signa-
ture of LSE is taken into account.
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